ya.

/—7

» Los Alamos
NATIONAL LABORATORY
————— (37.0%4) ~

LA-UR-21-26651

Approved for public release; distribution is unlimited.

Title:

Author(s):

Intended for:

Issued:

Magnetic fields effects in ICF/HED systems well before Beta is
anywhere near unity: experiments and recent theory

Flippo, Kirk Adler

LANL ICF Update and PR

2021-07-13




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National
Nuclear Security Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher

recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution,
or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as
work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom
and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its

technical correctness.



1% Los Alamos

MATIONAL LABEORATORY

Magnetic fields effects in ICF/HED systems well
before Beta is anywhere near unity:
experiments and recent theory

Kirk Flippo, Applied and Fundamental Physics, P-2

ICF Update, 2021

H_l':?_‘_g_{ Managed by Triad National Security, LLC., for the U.S. Department of Energy’s NNSA.

5/20/2021



The HEDB Team (over the past 4 years)
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This Team executed 7 shot days (Omega and EP) and
10,000’s of CPU hours over the past 4 years for 2
projects

 (LDRD DR) High Energy Density B-fields (HEDB), to study the strength and
effects of self generated B-fields in Shock-Shear like geometries

 (LDRD ER) Turbulent Magnetic Dynamo (TMD), to study the generation,
amplification (via Dynamo), and saturation of magnetic fields that pervade the
universe
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This work was motivated by some recent experiments showing B-field
production via the Biermann Battery (BB) process
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BB process has been confirmed in several HED experiments:
Jet experiment on OMEGA

) Turbulent B field experiment on 2 RT experiment on Omega 3) Li et al. 2016, Nature
Vulcan, ) Gao et al. PRL, 2013, 2015 Communications
Meinecke et al. Nature Physics (2014) t=t 2 56
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And Recent Omega Experiments (and NIF) which
showed more amplification and turbulent structure

Full assembly
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amplification with high Rm, but still not a dynamo.

Vel 55 km/s, T, ~ 450 eV, n~10?° /cm?3

Re~600, Rm ~ 700, inferred 100 kG from an initial 4 kG
(BB field).

Is it saturated? It is cooling fast, and 5 ns drive work better
than 10 ns drive. Thus likely not enough energy density in
the system to make a dynamo (or keep it going)
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This brings us to ICF, where we have interface instabilities,
baroclinicity, vorticity generation, and many gradients

RTI, RMI, KHI: unstable, mixing, turbulence

Vn. x VT,
60
403.43
m
Cold, dense shell 244.69 g
40 mRTI s
£ ' >
S 148.41 5
3 2
20 90.02 &
Hot DT gas Sl
54.60 &
" . . _ _
-60 -40 -20 0 Fill-tube jet 60

XRAGE simulation

Do B-fields matter? Haines et al. 2020

5/20/2021



Turbulent Magnetic Dynamo Experiments
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We had an idea for a simpler platform for a Turbulent
Magnetic Dynamo

®

'
.y
2 Turbulenty
P-Plume

Tamped Cone

Laser-
Driven
-~ Electro-
Magnet
(LDEM)

Advantages Gained by Cone Design Over Foils:

1) Higher energy coupling

2) Higher temperature

3) Higher flow velocity

4) Higher density

5) Energy trapped longer

6) Tunable flows by adjusting laser and surface

7) Laser Driven ElectroMagnets (LDEMSs) allow for
tunable applied B-fields from 10 — 300 T to study
saturation

8) Also allow for self-generated fields

Flippo, Li, et al.

5/20/2021 9



It looks like this in simulations

FLASH 3D magnetic field model

-V,

- P
TNSA vAs - =
proton ».,« >
backlighter il

1) Higher energy coupling
2) Higher temperature

3) Higher flow velocity

4) Higher density

5) Energy trapped longer

Flippo, HL, 2017
Liao et al. (2019)

Eg(K)/Eg(ko)

TMD Expt: (PI: K. Flippo, Co-PI: HL)

30 MeV synthetic radiograph &
autocorrelation

¥

Power spectrum
(FFT of autocorrelation)

.x“\xﬁ We can diagnose this plasma with:

1‘\,_1 k-2 1. X-ray

o 2. Optical

M 3. P-Rad
-\M'\
%
%

“ Kk [mm]

Synthetic TNSA proton beam against simulated magnetic fields at 10 ns creates synthetic radiograph. Analysis® of the synthetic radiograph

reveals the k-2 spectral energy distribution (SED) of magnetic energy. This SED arises in supersonic, compressively-driven turbulence.



3D FLASH Simulation — Turbulence, Vorticity

Vorticity ~ 3e9
Duration ~ 3 ns

eddy turn-over:
3e9 * 3e-9

~ 10 turns
on ~mm scale

-g.10 -0.05 Oo.00 ©0.05 0.10 -0.10 -0.05 O0.00 ©O.08 ©O.10
X-Axis X-Axis
¢ ) e >
Tirme=0 Time=3.00048a-0%
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Exponential Growth of Magnetic Energy Reveals Turbulent Dynamo

3 beams 3 beams energy evolution in tally boxes
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Strong exponential growth over many ns Liao et al. POP (2019)
suggests observable turbulent dynamo




Consistency between X-ray measurement and Sim. shows
Te ~ 1.5 keV

n_0024/ 1e12
ML Experiment ¥  Simulation re
Be only (to improve S/N) Be + Al
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- . 0
010 -005 000 005 010 -0.10  —0.05 0.00 0.05 0.10
y [em] v femd

Emission region fills to and highlights proximal cone lip

Liao et al. (2021)



Good Agreement between Simulation and Density Measurement:
angular filter refractometry plasma density diagnostic

target plasma angular filter
(object plane) refractometer optics (Fourier plane) refractometer optics

(aueid abewn)
lojoalep 0)

from 4w source
null shot target shot

Plume density



TNSA P-rad Analysis: Shows B-field growth

target plasma
proton backlighter  (interaction region) T —
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Details in Flux Images are Revealed with Higher Source Proton Energies
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Experimental pRad Images show growth in structure over time

TNSA P-rad
Images at
T=56,7,8
ns
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Magnetic Energy Evolution Shows Growth of B-field Energy

Eg evolution k=>4 Te N]_Ozo Cm_g, T Z; ].5 keV
Re/L ~ 6 x 10" ecm™!
Rm/L ~ 10° cm™!

107 4

Take L ~ 0.3 mm

10 Then, we get:

Eg [erg/cm?]

Re & 1800, Rm = 3000, and Pm ~ 1.67

107 4

time [ns]

Liao et al. (2021)
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HEDB Experiments
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HEDB uses a new Experiment Designed to Use Our Shock-
Tube Cylinder and Uses Shear Flows to Produce B-fields

* Shear generates magnetic field in the center, which is probed by x-rays
and protons

X-ray probe direction Counter Internal Geometry

streaming from x-ray POV
flows \\\\A |

Au shield
Cone

pRad axis

X ) View along proton radiography axis 512012021 20



3D extended, radiation magnetohydrodynamic
simulations (FLASH) and prad analysis tools (MPRAD)

density Magnetic fields

I-Axis

s

S
2 &

& s 2 3

EFEY-X
O 9070 PETO TOC0 GOTOIC OO 080 00 0

o — -
Egg y o § Eig

Work led by Shengtai Li et al.
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Static X-ray radiographs of targets showing foil

Proton view

X-ray view




Synthetic Radiographs from Simulations for HEDB OMEGA Shots

« MPRAD can model the images at different proton energies, which can help us optimize the
etching process after the shots, each image is about 1 MeV in energy range.
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Expected pRad

Schematic

Target

Simulated

detector

Window only

configuration

Proton Source @
(DHe?® implosion):

h
TargetS
Interior

pRad
projected

Resulting
pRad image
(CR-39)

TNSA Source

With Pepperpot




Magnetic field evolution in proton radiographs targets follows
simulation predictions, but window fields are hard to disentangle
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Pepper-pot foil is used to collimate proton beam and
simplify proton deflection detection

View of pepper pot foil

oy

Gold target No B-field

Gold target B-field

No quantifiable shift in
signal without pepper
pot foil

No pepper-pot
1s1 smwm 14, 1Mev
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Experimental pRad images with Pepperpot, made the
shift more obvious

2019 pRad CR-39

2019 PPS Target (Versa) 2019 X-ray IP

2019 PPS Results

o Syntheti
Experimental yntnetc
pRad pRad




HEDB Deflection Results show B-field of 20-30 Tesla

Simulations with
B-field - —

Deflection
(microns)




Simulation and Theory
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FLAG Shear Coaxial Shock-Tube Movie

0.0000 psec 1000204 Coaxial Foam Geometry
Turb K 3 623007 U
1.000e-07 Be Shock Tube CH Aflator

cm*2iusec"2 ' High Density Foam

Specific Magnetic Energy) 1.00

1.778e+00 o _
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5.623e-04
1.000e-05




Shock convergence is insensitive to usage of the dynamic
mix model.

|0-01 39 usec BHR3p1 |




Specific internal energy is ~8(103) cm?/ sec?in the mixing
layer.

|
| SpcintEnergy (cm*2/usect2)

2.000e+01
2.000e+00
2.000e-01
2.000e-02
2.000e-03
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Specific Turbulent Kinetic Energy ~ 10°cm?/ sec?in the
mixing layer.
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Biermann Battery generated specific magnetic energy ~ 102

cm?/ sec? Note: This is with JXB forces zeroed out and no resistive
evolution.

:0.0139 usec

‘9 5/20/2021
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turbulence is spatially located away from the location of the

3Rt

magnetic field generation

0.0139 usec




Biermann Battery Process: Baroclinicity == B Fields

sSn
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°  Bpp ~ 10°Gauss in ns (10 Tesla)

(A similar magnitude of B field generation from composition gradient process.
i@ See Sadler, HL, 2020a,b)




Is this field Strong or Weak for ICF?

* Three quantities to keep in mind nkT ICF Hot Spot
Compare to /8 h | =
thermal pressure therma B2/87T ~ 100
2
Compare to a (1/2),05’0
turbulent energy Bturb—kinetic — 5 ~ ??
density B /87T
Magnetization JBle € x 1016 S/ N\
e = Qe B ) (2), g

electron gyro-
frequency over
collision freq.
T e=25keV;n e=1e25/cc;B=1e8 G



Effects of Magnetic Fields with Full xMHD
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Implications of such magnetic fields

Implications for turbulent mix models (w. T. Gianakon,
Chris Rousculp, B. Albright), ASC codes

Implications for charged particle transport

Implications for interface instabilities and experiments



Will self-generated B field affect turbulent mix?

* Implement BB term in the FLAG code. Verified with other codes such as

FLASH and LA-COMPASS (led by Gianakon, Rouscoulp, S. Li)
* FLAG simulation of shock tubes with mix model shows that the self-
generated BB magnetic field energy density is higher than the turbulence

energy density

0.0134 usec
Turb_K “l, ! w. Turb mix
e model and B-field
self-generation

up > Turbg

Lietal. in
preparation
(2021)




Implications for ICF: B field post-processing of xRAGE hydro

simulation of an NIF shot
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The new Z gradient source term makes a difference

: + .
Blerma_tnn Biermann
Z gradient '
60 : r 60 T |
(a)| g 40 ©m*°
a0 L il EX 40 - 1| 32
;“ + 24 ») 2.4
20 ¢z 111 2 e 7 | {11.2
5 - ol £ # 0 &
1 o L ] 0.0 = = oL — 0o =
~ E* -0.8 o N €« -08 @
= ' \ ~ .
20 L% - | 16 =20 % - - -1.6
%
' \ _24 i -2.4
-40 |- 18 -32 —or 1R 32
-4.0 -4.0
6o ; : —60 1 |
P — 0 20 40 60

r(um)




For ICF: Electrons are magnetized by the self-generated B fields,

could affect alphas as well
» Effects on electron heat conduction and charged particle

At both RTI and KHI interfaces

transport
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Other Implications for ICF: altering electron heat transport and
Interface instabilities
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B-field Electron heat-flux modified KHI
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